An amplitude-optimised bit-edge equalisation (BEE) scheme is presented and compared with pulse-width modulation for mitigating intersymbol interference in high-speed backplane applications. With transmitter pre-coding and pre-emphasis, this BEE uses an adaptive LMS algorithm as a receiver error convergence engine by adjusting error derivation points. The optimality of the proposed BEE scheme is discussed.
Introduction: Intersymbol interference (ISI) is a major factor limiting the maximum distance and data rate of backplane serial data transmissions. ISI is caused by channel impairments such as amplitude attenuation and group-delay distortion. Therefore, high-speed data transmissions over a band-limited channel need channel equalisation to compensate for the channel frequency-dependent loss, and/or advanced signal-processing techniques to compress the data spectrum. Recent I/O standards such as IEEE 802.3ap have suggested the possibility of equalising the data transition edges [1] . Based on different error derivation approaches, edge equalisation falls into two categories: amplitude-optimised and phase-optimised. The amplitude-optimised approach performs equalisation by looking at the signal amplitudes that occur at the bit edges of data, and seeking to drive those associated error terms to zero [2] . The phase-optimised approach is a different way of thinking of channel equalisation by compensating for phase delay instead of amplitude attenuation. The difficulty in phase-optimised edge equalisation is that the reference zero crossing points shift in time with different data patterns and transmission rates. Hence, complicated algorithms are required to achieve phase equalisation [3] . In addition, in references [2, 3] , researchers took the centres of the bit time periods as the optimal bit-centre sampling points, and 0.5 unit intervals (UI) away from the centres of the bit time periods as the optimal bit-edge sampling points. However, such a sampling approach is not suitable at high data rates. Previous work [4] demonstrates that, at a high data rate, the severe channel phase delay distortion results in a shift in the optimal bit-centre and bit-edge sampling points. Reference [4] proposed a unique amplitude-optimised bit-edge equalisation (BEE) method that was based on equalising only the edges of data bits by adjusting the least-mean-square (LMS) error derivation points. This Letter expands on the previous work in [4] by providing a discussion regarding the optimality of the proposed BEE scheme over the phase-optimised pulse-width modulation (PWM) scheme [5] , and its differences from the conventional duobinary signalling scheme.
Proposed BEE: In this work, the proposed BEE is applied at the transmitter (TX) side. Fig. 1 shows a conceptual illustration of the proposed BEE transceiver with comparisons to the PWM [5] , and the conventional bit-centre equalisation (BCE) and duobinary transceivers. Unlike the conventional BCE and duobinary signalling methods where the equalisations are done for bit-centres, the proposed BEE method is based on equalising only the edges of data bits by adjusting LMS error derivation points. This proposed BEE method utilises a TX pre-coding and decoding scheme that is similar to the differential encoder/decoder for a duobinary partial response channel. However, in the conventional duobinary signalling method, the differential sequence fa k g is first converted into a duobinary sequence fc k g before being transmitted, where c k ¼ (a k þ a k21 )/2. In contrast, the proposed BEE method transmits fa k g through the FIR filter and channel directly, and seeks to drive the received bitedge data at the far end of the channel to be equal to the desired bitedge data sequence fx k g. fx k g is defined by
With TX pre-coding, the received three-level BEE signal to two-level binary decoding depends only on the current received bit. No error propagation occurs. The BEE signal decoding is defined by
The proposed BEE eliminates the need for a 'delay and add' duobinary filter that has a z-transform of 1 þ z as in the conventional duobinary transceiver, and is more compatible with the conventional BCE transceiver. 
BCE, PWM BCE PWM Fig. 1 Conceptual illustration of proposed BEE transceiver with comparisons to conventional BCE, PWM and duobinary transceivers . T is the delay operator, where T is equal to one symbol period for a symbolspaced FIR (SSF) filter. The output of the SSF filter is given by:
where k is the kth bit of the data sequence, N is the number of taps, and c n are the tap coefficients. c n are updated using an error convergence algorithm. For LMS criterion:
where m is the step size, 
As the error is minimised, the tap coefficients are driven to their optimal values.
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Fig. 2 LMS adaptive filtering in proposed BEE
Using the proposed BEE method, n d is adjusted around +0.5 UI away from the bit-centre where n d ¼ 0. In determining the optimal sampling phase for BEE, n d is iteratively adjusted based on the peak of the iteratively computed equalised pulse response. Theoretically, when the equalised pulse response is symmetric, n d is optimised. However, such an optimisation criterion for n d requires a large number of iterations. Moreover, in real implementation, the resolution of phase interpolation is constrained by the hardware. Therefore, in this work, only 16 iterations per symbol period are used.
PWM: While the proposed BEE as well as the conventional BCE and duobinary schemes all use amplitude modulation, the PWM scheme proposed in [5] uses phase modulation that eliminates the need for the complicated algorithms by applying PWM to each bit. In this PWM scheme, only one coefficient needs to be set to fit the channel equaliser transfer function, and no amplitude modulation is applied, an advantage in low-voltage high-speed CMOS processes. However, this PWM scheme not only shifts data transition edges, but also changes the data pattern that results in a wider data spectrum but with reduced DC and low-frequency content at the channel's near-end. This wide PWM data spectrum limits its application in high-loss channels. Simulation results: For the purpose of demonstration, a typical Tyco 34-inch FR4 backplane [4] was used as the transmission channel. A normalised 1 V pp PRBS 2 11 2 1 data sequence was transmitted at 10 Gbit/s through the backplane channel. A five-post-tap SSF filter was used as the TX pre-emphasis FIR filter. Matlab simulations have been performed to optimise filter coefficients and evaluate link performance. The optimal filter coefficients were normalised such that the maximum channel's near end data V pp were equal to 1. Figs. 3a, b and c show a comparison of the channel's near-end data with TX pre-emphasis using the conventional BCE, the PWM [5] and the proposed BEE methods, and Figs. 4a, b and c show the corresponding channel's far-end eye diagrams, respectively. From previous work [4] , the optimal n d was set to 7/16UI for the proposed BEE. Fig. 3c illustrates that the proposed BEE not only changes the pre-emphasised data pattern through amplitude modulation, but also applies an edge phase shift, which results in an enlarged eye opening at the channel's far-end, as shown in Fig. 4c . Fig. 5 shows the data spectrum. Fig. 5b illustrates that, with precoding and TX pre-emphasis, the channel's near-end data spectrum using the proposed BEE was compressed and has the most DC and low-frequency content, which enhances channel efficiency compared to those using either the BCE or the PWM method. Therefore, at the channel's far-end, the received data using the proposed BEE is least attenuated by the channel and a significant signal-to-noise ratio (SNR) improvement is expected. Though PWM is effective in reducing jitter, its wide near-end data spectrum reduces channel efficiency and limits the eye-height at the channel's far-end. Table 1 lists the optimal eye width and eye height by applying these different methods. Conclusions: A unique amplitude-optimised BEE is presented and compared with conventional BCE and PWM. Simulation results demonstrate that, at 10 Gbit/s, by using the proposed BEE, the channel far-end bit-edge eye height is enlarged by approximately 77.5% with a 0.93% reduction in eye width compared to the bit-centre eye when using the conventional BCE. In addition, the bit-edge eye height using the proposed BEE is enlarged by approximately 29.1% with a 5.8% reduction in eye width compared to the eye height and width when using the PWM. Hence, the proposed BEE is more suitable for high-loss channels. 
